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Abstract
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In the hippocampus, BK channels are preferentially localized in presynaptic glutamatergic terminals
including mossy fibers where they are thought to play an important role regulating excessive
glutamate release during hyperactive states. Large conductance calcium-activated potassium
channels (BK, MaxiK, Slo) have recently been implicated in the pathogenesis of genetic epilepsy.
However, the role of BK channels in acquired mesial temporal lobe epilepsy (MTLE) remains
unknown. Here we used immunohistochemistry, laser scanning confocal microscopy (LSCM),
western immunoblotting and RT-PCR to investigate the expression pattern of the alpha-pore forming
subunit of BK channels in the hippocampus and cortex of chronically epileptic rats obtained by the
pilocarpine model of MTLE. All epileptic rats experiencing recurrent spontaneous seizures exhibited
a significant down-regulation of BK channel immunostaining in the mossy fibers at the hilus and
stratum lucidum of the CA3 area. Quantitative analysis of immunofluorescence signals by LSCM
revealed a significant 47% reduction in BK channel in epileptic rats when compared to age-matched
non-epileptic control rats. These data correlate with a similar reduction in BK channel protein levels
and transcripts in the cortex and hippocampus. Our data indicate a seizure-related down-regulation
of BK channels in chronically epileptic rats. Further functional assays are necessary to determine
whether altered BK channel expression is an acquired channelopathy or a compensatory mechanism
affecting the network excitability in MTLE. Moreover, seizure-mediated BK down-regulation may
disturb neuronal excitability and presynaptic control at glutamatergic terminals triggering
exaggerated glutamate release and seizures.

Corresponding author: Emilio R. Garrido Sanabria, MD, PhD, Department of Biological Sciences, 80 Fort Brown, Brownsville Texas
78520, Phone: 1-956-882-5053, Fax: 1-956-882-5043, E-mail: emilio.garridosanabria@utb.edu.
Classification terms: THEME J: DISORDERS OF THE NERVOUS SYSTEM
Epilepsy: basic mechanisms
Epilepsy: human studies and animal models
Section: Disease-Related Neuroscience
Associate Editors: George F. Koob, La Jolla, CA, USA.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

Pacheco Otalora et al.

Page 2

Keywords

NIH-PA Author Manuscript

pilocarpine; epilepsy; presynaptic; granule cells; mossy fibers

Introduction
Previous studies of large conductance calcium (Ca2+)-activated potassium (BK) channel
physiology (Hotson and Prince, 1980) and immunocolocalization in the hippocampus (Knaus
et al., 1996) prompted investigators to suggest that these channels play a major role in the
pathogenesis of acquired mesial temporal lobe epilepsy (MTLE). Nonetheless, more than ten
years later, this notion remains to be elucidated.
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Functional BK channels are multimeric complexes consisting of a pore-formingα subunit and
auxiliary β subunits (i.e. β1 to β4) that influence channel expression and biophysical properties
(Lu et al., 2006; Wu, 2003). BK channel opening yields an unusually large single-channel
conductance of 200–400 pS (Ghatta et al., 2006; Salkoff et al., 2006). Accordingly, the activity
of a few BK channels can produce a large outward potassium current exerting a robust
modulatory action on excitability. The voltage gating of BK channels is modulated by Ca2+
(Salkoff et al., 2006), therefore, BK channels are considered neuronal calcium sensors playing
an important feedback role in multiple processes including neurotransmitter release and cellular
excitability. Interestingly, it has been revealed that BK channels exert a minimal action on
normal neuronal function and it is generally believed that its functions may be critical in
conditions leading to harmful effects on neurons (e.g. ischemia and trauma).
The in vivo physiological and pathophysiological role of BK channels remains an enigma.
Because of its role in preventing excessive Ca2+ buildup and abnormal glutamate release, BK
channels have become an attractive pharmacological target for developing neuroprotective
agents (Vrudhula et al., 2005; Wu, 2003). Indeed, numerous BK channel openers are currently
under investigation to ameliorate ischemic damage and trauma (Cheney et al., 2001; Gribkoff
et al., 2001b; Hewawasam et al., 2003). Although potassium channel openers are thought to
counteract uncontrolled cellular depolarizations (Lawson, 2000) their therapeutic utility
remains unexplored in epilepsy.
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Recent genetic studies have implicated enhanced BK channel function in the pathogenesis of
genetic epilepsy (Du et al., 2005). In another study, the gene encoding the β3 subunit
(Kcnmb3) has been associated with idiopathic epilepsy (Lorenz et al., 2006) and increased
neuronal excitability (Hu et al., 2003). Supporting this notion, gene-targeted β4 (Kcnmb4) null
mice display an epileptic phenotype (i.e. temporal lobe seizures) due to a gain-of-function for
the BK channels (Brenner et al., 2005). Moreover, β4 deficient mice showed little spike
frequency adaptation leading to a substantial increase in firing frequency. The dentate gyrus
acts as a low-pass filtering gate that limits high-frequency inputs into the hippocampus
(Heinemann et al., 1992; Nadler, 2003). Hence, β4 modulation on intrinsic firing properties of
granule cells may protect against epileptogenesis (Brenner et al., 2005).
Because of their presynaptic location and function in glutamatergic pathways, BK channels
may exert an antiepileptic effect in hippocampal circuits by controlling axonal excitability and
glutamate release in chronic epilepsy. Here, we investigated the distribution of the BK channel
expression in the hippocampus and cortex of epileptic rats obtained by the pilocarpine model
of MTLE (Cavalheiro, 1995). Our data revealed an acquired seizure-dependent BK channel
down-regulation in mossy fibers of chronically epileptic rats.
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Down-regulation of BK channels in axons and terminal fields in the hippocampus of
chronically epileptic rats
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The pattern of BK channel immunoreactivity has been previously described in the rodent
hippocampus using polyclonal antibodies raised against residue positions 1118–1135 (highly
conserved across species) of mouse BK channels (Kaczorowski et al., 1996; Knaus et al.,
1996). We used three different antibodies that yielded a similar immunoreactivity pattern in
six control rats which include three animals injected with saline instead of pilocarpine and three
animals injected with pilocarpine but that did not exhibit seizures. These control animals did
not exhibit behavioral seizures or any difference in the pattern and expression level of BK
channels. To briefly summarize our findings, immunoreactivity for the α-pore forming subunit
of BK channels detected with the polyclonal anti-BK913–926 (1 μg/ml) (Wanner et al., 1999)
was predominantly concentrated in the mossy fibers (Fig. 1a, clear arrow) which represents
axons of granule cells innervating CA3 pyramidal neurons. Accordingly, we observed an
intense BK channel staining in the hilus of dentate gyrus (Fig. 1a, arrow 1) of control rats.
Immunolabeling of axon bundle-like fibers extended to the CA3 mossy fiber terminal zone,
the stratum lucidum (Fig. 1c, clear arrow). Diffuse staining of moderate intensity was detected
along the middle molecular layer of the dentate gyrus (Fig. 1a, *) and in the lateral portion of
the stratum lacunosum/moleculare near the CA2-CA3 area (Fig. 1a, 2a) indicating that BK
channels may be localized on perforant path axon terminals (Fig.1, 2b) Because the granule
cell dendrites extend radially through both inner and outer molecular layers, while the mossy
cell axons and terminals are restricted to the middle layer, the BK staining in the inner molecular
layer most likely represents presynaptic localization (Cooper et al., 2000). Less intense and
widespread staining was detected in the stratum radiatum and stratum oriens in CA2-CA3
(Fig.1 2a). In general, granule cells and pyramidal cells are devoid of somatic staining. Similar
distribution of BK channel staining was previously reported in the mouse hippocampus using
either monoclonal anti-BK690–1196 (Misonou et al., 2006) or polyclonal anti-BK675–1115
antibodies (Sailer et al., 2006).
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Patterns of hippocampal BK immunoreactivity was assessed in chronically epileptic rats (n=7)
and qualitatively and quantitatively compared to control ones. In order to demonstrate that
deficit in BK channel expression in the hippocampus of epileptic rats is not due to seizurerelated cell death we performed standard and fluorescent Nissl’s staining (for co-localization
studies) as presented in Figure 2a and Figure 2b respectively. Accordingly, the granule cell
layer was preserved in epileptic rats although granule cell dispersion was noticed (compare
Fig. 2a1 and Fig. 2b1 to Fig. 2a3 and Fig. 2b3 respectively) as described elsewhere (Masukawa
et al., 1995). Moreover, Nissl’s staining revealed moderate to severe neuronal loss in different
areas of the brain of chronic epileptic rats experiencing more than one month of SE (Fig. 2)
including the hilus of the dentate gyrus, hippocampal subfields CA1 and CA3, different layers
of the entorhinal cortex, and the amygdale. Extensive gliosis and atrophy were also noticed in
the hippocampus as previously reported (Borges et al., 2003; Liu et al., 1994; Tang et al.,
2004). In marked contrast with control rats, chronically epileptic rats exhibited a highly
significant reduction in the BK channel immunoreactivity intensity in the hilus of dentate gyrus
and CA3 stratum lucidum (Fig. 1c, 1e and 1b). At high magnification, some BK
immunolabeling was sparsely detected on mossy fiber bundles traversing the stratum lucidum
close to CA3 pyramidal layer (Fig. 1d). Staining was also reduced in the stratum lacunosum/
moleculare and dentate gyrus molecular layer (Fig. 1c, 1b) consistent with a depletion of BK
channels from glutamatergic axonal system innervating the hippocampus (i.e. from enthorinal
cortex). Epileptic rats experienced spontaneous recurrent seizures (an average of 5–6 seizures
per week) with a mean latent period of 9.5±2 days (ranging 8–15 days). Immunohistochemical
procedures were performed on epileptic rats that suffered at least 20 days of post-SE period.
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A complex process of epileptogenesis develops as a consequence of SE insult (Leite et al.,
2002; Mello et al., 1993). As previously described in the pilocarpine model, granule cells in
the dentate gyrus are apparently preserved (Fig. 2, a3,b3) but show signs of dispersion (Leite
et al., 2002; Mello et al., 1993). In contrast, a marked cell loss was observed in CA1 (not shown)
and CA3 area of epileptic rats in both standard Nissl staining (Fig. 2, a4) and in counterstaining
(fluorescent Nissl staining) of BK channel immunolabeled sections (Fig. 2, b4). Intense BK
channel staining was detected in the hilus and stratum lucidum in control sections contrasting
with a marked reduction in chronically epileptic rats (Fig. 2, b3, b4). In order to assess whether
BK channel immunolabeling reduction is related to seizures, several animals were sacrificed
at different post-SE survival periods. We observed a progressive seizure-related downregulation of BK channel staining that appeared more evident after a post-SE period of 20–30
days (n=3) (Fig. 2, c3) when compared with early stages of the disease (<10 days post-SE
period, n=5) where staining was comparable to control rats (Fig. 2, c1 and c2). Animals
suffering a longer survival period and consequentially larger number of spontaneous recurrent
seizures (45–65 post-SE period, n=10) exhibited a marked reduction in BK channel
immunoreactivity in the hilus and CA3 stratum lucidum (Fig. 2, c4).
Moreover, we noticed that the decline in mossy fiber BK immunorectivity progressed with the
evolution of the disease since sections from rats sacrificed at more than 55 days post-SE period
displayed minimal BK channel expression. Further studies are necessary to confirm this notion.
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Immunofluorescence of BK channel and VGlut1 in the hippocampal formation
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The reorganization of mossy fibers and reactive neo-synaptogenesis are well-known
physiopathogenic phenomena in human and experimental MTLE as confirmed using Timm’s
histochemistry or immunohistochemistry (growth-associate phosphoprotein or VGluT1
staining) in the pilocarpine model of epilepsy (Gabriel et al., 2004; Mello et al., 1993; NaffahMazzacoratti et al., 1999; Pacheco Otalora et al., 2006). Therefore, the decrease in BK
immunostaining at stratum lucidum and hilus in epileptic rats probably represent a downregulation in BK channel expression considering that the mossy fiber system is preserved and
reorganized in the epileptic brain. We further explored this notion by performing double
immunofluorescence analysis of BK channel and VGluT1. These experiments allowed us to
determine the relative amount of BK channel staining deficit in epileptic rats by using
quantitative confocal imaging analysis (Pacheco Otalora et al., 2006). First, we performed colocalization assays using high-resolution confocal imaging and digital zoom (>300x) to assess
whether BK channel immunolabeling was localized at mossy fiber axons or presynaptic
boutons (Fig. 3). At high magnification, agglomerates of VGluT1-positive rounded-shaped
elements with an immunonegative core in most cases, appeared to be distributed in patterns
resembling giant mossy fiber presynaptic boutons (Fig. 3A) surrounding thorny excrescences
at dendrites of CA3 pyramidal cells (Gonzales et al., 2001). BK immunofluorescent signals
were not completely co-localized at these VGluT1-positive structures but appear as densely
packed axon bundle-like fibers infiltrating through VGluT1-negative areas in the core of the
mossy fiber projection area (Fig. 3B). Co-localization assays indicate that BK channels may
be distributed at the periphery of mossy fiber boutons but this notion had to be confirmed in
further electron microscopy studies (Fig. 3C). The pattern of BK channel-VGluT1 expression
resembled previous data for mGluR2/3-VGluT1 co-labeling (Pacheco Otalora et al., 2006). It
has been proposed that mGluR2/3 is localized at the axons and the neck of the synaptic boutons
(extrasynaptic locations) (Shigemoto et al., 1997). Additional electron microscopy studies are
necessary to confirm whether BK channels are expressed at similar locations.
In control rats, intense VGluT1 immunoreactivity was observed at the mossy fiber pathways
(Fig. 4A, upper panel) as described elsewhere (Kaneko and Fujiyama, 2002;Kaneko et al.,
2002;Pacheco Otalora et al., 2006). In control and epileptic rats, VGluT1 staining was abundant
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in hippocampal stratum radiatum, stratum lucidum and stratum oriens but less intense or
almost absent at the stratum pyramidale and granule cell layer. VGluT1 labeling was intense
in the hilus and CA3 where it appeared as a dense c-shaped band at the stratum lucidum
(suprapyramidale region) (Fig. 4). Animals experiencing pilocarpine-induced SE had
abundant VGluT1-positive elements in the CA3 stratum pyramidale which extend massively
to the stratum oriens in a zone immediately surrounding the outer boundaries of stratum
pyramidale but also in the area corresponding to the infrapyramidal region in stratum oriens)
(Fig. 4Ad, see arrows) consistent with previous findings of abnormally sprouted mossy fiber
projections in epileptic rats (Holmes et al., 1999;Liu et al., 1999).
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Although BK channel immunoreactivity was present in the hilus of epileptic rats (Fig. 5e, **)
it was less intense than the staining in corresponding area of a control dentate gyrus (Fig. 5b,*)
as confirmed in the statistical analysis of the mean fluorescence intensity (Fig. 4. B, C).
Quantitative analysis of BK channel immunoreactivity was performed in circled region of
interests (ROI=50 μm diameter) positioned in the stratum lucidum and in the hilus at
corresponding positions for control and epileptic rats. Analysis of fluorescence intensity was
simultaneously performed using confocal imaging and same parameters of the photomultiplier
tube gain and laser excitation for each set of control and epileptic rats. Two sections were
selected from dorsal hippocampus in each animal and measurements of relative fluorescence
intensity were performed at three different locations (ROIs) in the hilus and at the stratum
lucidum. The mean fluorescence intensity for each region was computed and averaged for both
sections in each control and epileptic rats. Accordingly, we determined the percent change (%)
in immunofluorescence intensity in six pairs (sets) of epileptic (suffering 30–65 days of postSE period) and age-matched control rats which included three saline-injected rats and three
animals that were injected with pilocarpine but did not developed seizures. No differences were
noticed between each sub-group of control rats. Analysis of BK immunofluorescence revealed
a significant 47% reduction in relative fluorescence intensity in the CA3 stratum lucidum of
epileptic rats (877.6±139) when compared to controls (1456.5± 167.17) (Fig. 4B, 4C)
(Student’s t-test, T=2.65, DF=10, P=0.024, n=6). Similarly, BK fluorescence intensity was
significantly reduced (~60%) at the hilus of the dentate gyrus in chronically epileptic rats (900.3
±134.5) compared to control group (1914.15±366.6) (Fig. 4B and Fig.4C) (Student’s t-test,
T=2.5, DF=10, P=0.026, n=6). All together, data revealed a significant down-regulation of BK
channel expression at the CA3 stratum lucidum and hilus in the hippocampus of chronically
epileptic rats. Additionally, we found a strong VGluT1 immunopositive band in the
supragranular region (inner molecular layer) of epileptic rats resembling reactive supragranular
mossy fiber sprouting (Fig. 5 d2) as previously reported in pilocarpine-treated epileptic rats
(Pacheco Otalora et al., 2006) and elsewhere (Epsztein et al., 2005). This VGlut1-positive band
(supragranular sprouting) in the supragranular layer appeared devoid of BK immunostaining
(compare Fig. 5b to Fig. 5e). Moreover, BK staining was also reduced in the middle molecular
layer and in the hilar region (Fig. 5e1, f**), a major recipient of perforate path axons from the
entorhinal cortex layer II neurons. In the dentate gyrus, VGluT1 stained the hilus intensely at
areas adjacent to granule cells corresponding to mossy fibers initial segments extending
towards the CA3 stratum lucidum (Fig. 5a and Fig. 5d). As described earlier, VGluT1
immunoreactivity was significantly enhanced in the hilus of epileptic rats (Pacheco Otalora et
al., 2006). In a separate experiment, co-localization assays of BK channel and synaptic terminal
marker synaptophysin were developed revealing that mossy fibers are preserved in epileptic
rats while the expression of BK channel is down-regulated (data not shown) which confirms
the immunoreactivity of VGluT1 in the mossy fiber pathway.
BK channel protein expression in hippocampus and cortex in chronically epileptic rats.
Western blot analysis was performed to examine alterations in BK channel protein levels in
hippocampus and cortex during the chronic phase of the pilocarpine model of epilepsy. Total
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protein per sample was measured and same amount subjected to Western blot analysis using
two different primary antibodies against BK channels to allow comparisons. Samples from
control and epileptic rat pair set were simultaneously processed in same membrane (n=4) using
anti-BK690–1196 antibodies (L6/60; 1:500-1:1000; UC Davis/NINDS/NIMH). Consistent with
previous studies (Chen et al., 2005; Knaus et al., 1996), BK channel protein was identified as
a diffuse immunopositive band with apparent molecular weight in the 117–122 kDa range (Fig.
6A) probably consisting of multiple partially resolved components and splice variants (Chen
et al., 2005; MacDonald et al., 2006). After measuring the optical density, we found that the
levels of BK channel protein (~120 kD bands) were significantly less intense in epileptic
samples from cortex (34.5±4.9% reduction) and hippocampus (24.2±3.4% reduction)
(*p<0.05, Student t-test). Assays were performed on protein extracted from cortex and
hippocampus of control (n=4) and epileptic rats (n=4). After protein quantification (BCA
method), PVDF membranes and were probed with BK antiserum (1:500, UC Davis). Similar
results were obtained when western blot assays were performed using anti-BK1098–1196
(Alomone labs). This band was not present when the primary antibody was omitted, or when
the primary antibody anti-BK1098–1196 was pre-incubated with corresponding control peptide
(3μg/μg of antibody; Alomone labs) (data not shown). In order to determine whether downregulation of BK channel expression is associated with granule cell loss and their markers we
developed western blotting for VGluT1 (a synaptic marker highly expressed in mossy fibers)
in protein extracted from control and epileptic of hippocampus (30–60 days post-SE period,
n=4). These experiments revealed a non-significant reduction of VGluT1 protein expression
(~60 kD) at one month of post-SE period (Fig. 6C, E1) and a minor reduction after two month
following SE (Fig. 6C, E2). For the statistical analysis, data from all epileptic rats were pooled
together and revealed a non-significant reduction on the density of immunopositive VGluT1
band in epileptic rats when compared to control rat (Fig. 6D) (Student t-test, P=0.43). These
data indicate that BK channel expression is down-regulated in mossy fiber of epileptic rats
which still maintain capability to express VGluT1 synaptic marker following recurrent
seizures.
BK channel transcripts are down-regulated in micro-dissected granule cells of epileptic rats
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To determine whether reduction of BK channel immunoreactivity and protein levels in epileptic
hippocampus correlate with a decline in mRNA transcript expression, we developed semiquantitative RT-PCR assays. Total RNA extracted from micro-dissected dentate gyrus
(containing granule cells) of control and epileptic rats was normalized and used as template.
BK channel expression data was normalized to the signal obtained from the amplification of
the constitutively expressed (“housekeeping”) gene. To discern changes in expression levels,
the number of PCR cycles was adjusted so that both signals would be amplified within the
exponential phase of the reaction as previously determined (not shown). The primers to amplify
rat BK transcripts have been previously characterized and yield a 312 bp product (Muller et
al., 1998). Semi-quantitative RT-PCR assays revealed that expression of BK channel
transcripts was significantly decreased at 30 cycles (31.1±3.5% reduction of controls, P<0.01,
Paired t-test, n=4) (Fig. 6F). A non significant reduction was observed at and 40 cycles
(Student’s t-test, P=0.1) when compared to control levels (Fig. 6F). Since in semi-quantitative
PCR the differences in signal intensity might not correlate directly to the amount of mRNA
present in the respective tissue, further real time quantitative PCR assays will be necessary to
monitor seizure-induced changes in transcripts levels for BK channels and splice variants.
Primers for the housekeeping gene GAPDH (~274bp) were used for internal control and semiquantitative analysis.
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Our findings indicate that BK channel expression is down-regulated at mossy fibers and
molecular layer of dentate gyrus in the hippocampus from pilocarpine-treated chronically
epileptic rats. Moreover, animals experiencing more seizures or longer post-SE survival period
exhibited a more intense decline in BK channel expression indicating seizure-related
phenomenon which contrasted with increased VGluT1 expression in the reorganized epileptic
hippocampus. Changes in expression levels for BK and VGluT1 are most probably associated
with the sustained epileptogenic process after SE and not due to the acute treatment with the
chemical pilocarpine considering that these abnormalities were not detected in control animals
that received pilocarpine but did not developed seizures. It remains to be elucidated whether
such dysregulation on a subset of ion channels is cause by a seizure-induced long-lasting
deficiency of the transcriptional/translational machinery and whether these changes may lead
to enhanced excitability of neuronal networks. The notion that acquired channelopathies may
develop in the course of temporal lobe epilepsy is supported for recent findings in the
pilocarpine model of epilepsy (Bernard et al., 2004; Dyhrfjeld-Johnsen and Soltesz, 2004;
Hirose, 2006; Jung et al., 2007; Poolos, 2005; Richichi et al., 2007). For instance, it was recently
reported that a progressive transcriptional channelopaty (“downregulation”) of
hyperpolarization-activated cation (HCN) channels occurs in dendrites of CA1 hippocampal
pyramidal neurons after pilocarpine-induced SE (Jung et al., 2007). These authors suggest that
such deficit in HCN expression and function may increase neuronal excitability and may be
associated with both the process of epileptogenesis and maintenance of the epileptic state. The
mechanisms responsible for changes in expression levels (i.e. down-regulation) remains to be
determined, but it may probably involve changes in the transcription or translational machinery.
For instance, it was proposed that the mechanisms for HCN1 reduction involved calciumpermeable AMPA receptor-mediated calcium influx, and subsequent activation of Calcium/
calmodulin-dependent protein kinase II (Richichi et al., 2007). Seizure-related changes in
components of the transcriptional and translational machinery may contribute to dysregulation
of genes and proteins in epilepsy. For instances, it has been reported an abnormal histone
acetylation after SE induced by kainic acid, a modification that was considered to play an
important role in the development of epilepsy (Taniura et al., 2006). Furthermore, the
investigation of seizure-related modifications on the expression levels of biologically-relevant
molecules such as ion channels, transporters, enzymatic pathways, etc is being considered a
promising strategy to uncover molecular mechanisms of epilepsy as well as potential new
antiepileptogeneic targets (Aronica and Gorter, 2007; Crino and Becker, 2006; Jamali et al.,
2006; Lukasiuk et al., 2006; Majores et al., 2004; Oscarson et al., 2006). For instances, a large
number of down-regulated and up-regulated genes were detected using gene expression
profiling by the Affymetrix Gene Chip (RAE230A) in samples (total RNA) isolated from CA3
area and entorhinal cortex at different periods (acute, latent and chronic) following electricallyinduced SE (Gorter et al., 2006).
In the hippocampus, the majority of BK channels are preferentially located at glutamatergic
presynaptic terminals especially at the mossy fibers and Schaffer’s collateral where they are
thought to act as a homeostatic mechanism (“emergency break”) for regulating synaptic
transmission in conditions of enhanced excitability. Several acquired channelopathies have
been recently described in experimental and human MTLE including a loss of A-type
potassium ion channels (Bernard et al., 2004) and abnormalities of sodium channels (Celesia,
2001; Lerche et al., 2001; Noebels, 2002; Remy et al., 2003). Here, we described, for the first
time, an acquired, most probably presynaptic BK channel deficit in experimental MTLE.
Multivesicular glutamate release from mossy fiber boutons can reliably fire several CA3
pyramidal cells (“detonator synapses”) (Henze et al., 2002). Hence, down-regulation of BK
channels and impaired feedback regulation of Ca2+ concentration may trigger hyperactivity of
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mossy fibers, exaggerate glutamate release and cell death in the epileptic hippocampus (Nadler,
2003). Upon activation, the large outward BK current hyperpolarizes the preterminal limiting
Ca2+ influx and transmitter release. BK channels are in close proximity to Ca2+ channels
(Robitaille et al., 1993). BK channels are positioned to react to action potential-triggered
Ca2+ influx. Electrophysiological approaches indicate that BK channels can control glutamate
release under conditions of excessive neuronal activity (Gribkoff et al., 2001a; Hu et al.,
2001; Yamashita et al., 2006). Functionally, a deficit in axonal or presynaptic BK channels
might render mossy fibers hyperexcitable during epileptogenesis. Insulin inhibits pyramidal
neurons through a similar mechanism that was proposed as a potential therapeutic target for
the treatment of epilepsy (O’Malley et al., 2003). Moreover, it was proposed that during periods
of enhanced synaptic activity excessive activation of group I and II metabotropic glutamate
receptors (mGluR I and II) inhibits the apamin-insensitive slow Ca2+-activated K+ current in
hippocampal CA1 pyramidal neurons that in turn can cause epileptogenesis (Martin et al.,
2001). Indeed, several presynaptic modulators of mossy fiber presynaptic machinery have been
implicated in the pathophysiology of MTLE including mGluR II (Pacheco Otalora et al.,
2006), neuropeptide Y (Tu et al., 2005) and kainate receptors (Epsztein et al., 2005; Feng et
al., 2003). If the pro-epileptic role of such disturbances ultimately can be demonstrated in the
experimental ground it will lead to a new concept of acquired presynaptic multichannelopathies in MTLE.
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The exact role of BK channel in controlling hippocampal neuronal bursting activity remains
to be elucidated. For example, iberiotoxin (IbTX) completely inhibited bursting activity
induced by pentylenetetrazol (PTZ), caffeine, 1,4,5-inositol triphosphate (IP3) and direct
forced increase of intracellular calcium (REF). In this study, spontaneous bursting activity in
the cerebral cortical neurons of the El mouse, which shows a high susceptibility to convulsions,
was also completely inhibited by IbTX (Jin et al., 2000). However, insulin and leptin that inhibit
epileptiform-like bursting activities in rat hippocampal neurons might involve in activation of
BK channels (O’Malley et al., 2003; Shanley et al., 2002). Interestingly, BK channel knockout
mice do no apparently exhibit seizures but cerebellar-related neurological problems (i.e. ataxia)
(Sausbier et al., 2004). Hence, a functional study in parallel with changes in expression of BK
channels associated with pilocarpine-induced epilepsy will certainly contribute to a better
understanding of the role of this acquired channelopathy on the pathogenesis of temporal lobe
epilepsy.
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The in vivo pro-epileptic or antiepileptic effect of BK channel modulation is obscured by recent
findings indicating that mossy fibers co-release GABA with glutamate in MTLE (Gutierrez
and Heinemann, 2006). In such scenario, and considering that “gain-of-function” of BK
channels has been proposed to increased granule cell excitability, seizure-mediated downregulation of BK channels at mossy fibers may hypothetically reduce mossy fiber excitability
and consequentially reduce the release of GABA which will result in a indirect disinhibition
in CA3 area. Further studies are necessary to tackle this dilemma. If presynaptic BK channels
also block presynaptic GABA release at mossy fibers or interneurons that may results in
enhanced CA3 excitability characterized by recurrent or continuous seizure-like activity and
spreading depression in some cases (Debanne et al., 2006; Wong and Traub, 1983).
Recent genetic studies indicate that a gain-of-function BK channel mutation (increased open
probability) is responsible for generalized epilepsy in humans (Du et al., 2005). In this study,
several mechanisms were proposed to explain the paradoxical increase in excitability at
thalamo-cortical circuits by a mutated BK channels exhibiting increased open-channel
probability. For instance, it was suggested that enhanced BK channel function can accelerate
action potential repolarization leading to removal of the inactivation of sodium channels and
thus allowing higher firing frequencies. An alternative explanation was that mutated channels
are differentially expressed at GABAergic neurons, then provoking inhibition of these neurons
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that could lead to network disinhibition and seizures. In MTLE, seizures originate in the
hippocampus para-hippocampal areas (partial seizures) with secondary generalization in some
cases(Arabadzisz et al., 2005; Bernasconi et al., 2005; Cavazos and Cross, 2006; Kutlu et al.,
2005). Therefore, the role of BK channel dysfunction will probably be different in generalized
epilepsy with thalamo-cortical involvement. Interestingly, β4-knockout mice with associated
gain-of-function of BK channels in granule cells were reported to exhibit distinctive temporal
lobe seizures emanating from hippocampus (Brenner et al., 2005). In this study β4 deficit
enhanced the activity of BK channels that, in turn, altered the intrinsic properties of granule
cells by sharpening the action potential and sustaining higher firing rates. Hence, these authors
hypothesized that β4 expression represents a unique nonsynaptic mechanism for gate control
of hippocampal synchronization leading to temporal lobe epilepsy. Supporting this hypothesis,
a fraction of granule cells in the sclerotic hippocampus of MTLE patients are hyperexcitable
displaying a weak spike frequency adaptation and an enlarged fast afterhyperpolarization
(Selke et al., 2006). Furthermore, a recent microarray study revealed variations in the downregulation of Kcnmb4 in CA3 and entorhinal cortex during acute and latent periods after SE
(Gorter et al., 2006). Our study focused on the α-pore-forming BK channel subunit instead of
other auxiliary subunits but it will be interesting to further explore the role of β4 in acquired
MTLE. Expression of β4 RNA has been reported in granule cells but it is not clear whether
this subunit is expressed at BK channel complexes in mossy fibers or at somatodendritic
regions. Curiously, in granule cells, BK channels are mainly targeted to axons with minimal
expression at somatic compartments. Moreover, BK channel immunoreactivity at the middle
molecular layer has been related to perforant path preterminals but not with expression at
dendrites of granule cells (Knaus et al., 1996). Despite the exact role of BK channel dysfunction
on enhancing presynaptic versus postsynaptic excitability of granule cells away further
elucidation in MTLE, the dramatic down-regulation describe here may be part of a protective
compensatory mechanism to further reduce seizures (according to the “β4 down-regulation
hypothesis”).
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BK channel complexes, especially formed by β4 subunits, are widely distributed throughout
the mammalian brain (Behrens et al., 2000; Brenner et al., 2000; Ha et al., 2004). The precise
distribution and preferential trafficking of BK channels to axon terminals and somatodendritic
regions can ultimately determine the function of BK channels in neurons and circuits. For
instance, in hippocampal pyramidal neurons, BK channels are trafficked to presynaptic
membranes where they are thought to modulate glutamatergic neurotransmission in conditions
of excessive excitability (Hu et al., 2001). Nevertheless, in many neurons, BK channels also
contribute to the action potential repolarization and to the fast afterhyperpolarization thereby
influence additionally the neuronal firing frequency (Shao et al., 1999). Such functional
evidences of somatodendritic localization lead to additional electron microscopy and
immunocolocalization studies that confirmed the expression of BK channels in dendritic
membranes at hippocampal glutamatergic synapses, in addition to their well-established
presynaptic location (Sailer et al., 2006). The abundance of BK channels on such subcellular
locations is differentially regulated across several neuronal phenotypes. In the hippocampus,
for instance, BK channels are highly expressed at the Schaffer’s collateral pathway and mossy
fibers of granule cells (Hu et al., 2001; Knaus et al., 1996; Misonou et al., 2006; Sailer et al.,
2006).
Hyperactive neuronal circuits in the limbic system (e.g. hippocampus) are the major
contributors to chronic hyperexcitability states leading to spontaneous recurrent seizures in
MTLE. Accordingly, as a result of anomalous neuronal firing, neurons in the epileptogenic
zone are constantly challenged by sudden and dramatic increases in intracellular calcium
(Ca2+)(Delorenzo et al., 2005). For instance, it has been reported that large transient elevations
in neuronal Ca2+levels correlate with epileptiform discharge onset (Pisani et al., 2004). Altered
Ca2+ homeostasis is thought to underlie some aspects of the epileptic phenotype and contribute
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to the persistent neuroplasticity changes associated with acquired MTLE (Delorenzo et al.,
2005). For instance, epileptic neurons in the pilocarpine model have been shown to maintain
consistently higher baseline intracellular Ca2+ levels in the range of 250 to 400 nM that peak
up to high micromolar ranges (20–50 μM) after stimulation (Pal et al., 2001; Raza et al.,
2001). Moreover, these neurons show a delayed recovery of increased Ca2+ homeostasis
leading to abnormal baseline Ca2+ levels in epileptic neurons. Deficit in feedback regulation
via BK channels may contribute to persistent impairment of neuronal Ca2+ homeostasis in
MTLE.
The reduction in BK channel protein and mRNA transcript levels suggest that the most probable
mechanism for a reduction in BK channel expression is related to a transcriptional downregulation of the BK channel genes instead of post-transcriptional defects including abnormal
trafficking of channels to the membrane. It has been recently reported that pilocarpine-triggered
SE can induced changes in expression of ion channels and transporters that might be associated
with the pathogenesis of mesial temporal lobe epilepsy. For instances, a recent report by Jung
et al revealed progressive dendritic HCN channelopathy during epileptogenesis in the rat
pilocarpine model of epilepsy (J Neurosci. 27:13012–21, 2007).
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In summary, since epileptogenesis is linked to excessive glutamate release, we hypothesize
that BK channel dysregulation may render neuronal circuits hyperexcitable and contribute to
epileptogenesis in MTLE. Nonetheless, these changes in BK expression can also be interpreted
as a compensatory mechanism that reduces hyperexcitability if the putative pro-epileptic role
of BK channels can be indeed demonstrated. A better understanding of the molecular
mechanisms as well as the electrophysiological consequences of acquired presynaptic BK
channel deficit in chronic epileptogenesis may result in novel therapeutics (e.g. BK channel
openers) for the treatment of MTLE.

Experimental Procedure
Animals and rat model of chronic epilepsy
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All experiments were performed in accordance with the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals and with the approval of The University
of Texas at Brownsville Institutional Animal Care and Use Committee (Protocol# 2004-007IACUC-1). Wistar rats were kept in acclimatized temperature-controlled vivarium with water
and food ad libitum. All efforts were made to minimize the number of animals in the study.
Chronically epileptic rats were obtained by the pilocarpine model of temporal lobe epilepsy
following described procedures which is characterized by bilateral hippocampal pathology
(Cavalheiro, 1995; Mello et al., 1993). Therefore, one hemisphere was used for RNA isolation
and the other for protein extraction. At the time of performing the model of epilepsy animals
were approximately 20–30 days (180–250g). A total of forty animals were used in our
experiments. Pilocarpine was administered between 9 A.M. and 12 A.M in an acclimatized
room set at 20° C. All animals received same dose of 1% methyl-scopolamine nitrate (0.1 mg/
kg in saline, s.c.) (Sigma-Aldrich, St. Louis, MO) thirty minutes before pilocarpine
administration to minimize the peripheral effects of cholinergic stimulation (Turski et al.,
1984). Animals were then injected with 4% pilocarpine hydrochloride (Sigma-Aldrich) (350
mg/kg in saline, i.p.). Controls included (a) animals that received methyl-scopolamine but were
injected with saline instead of pilocarpine, (b) pilocarpine-injected animals that did not exhibit
seizures and (c) saline-injected control animals that also received diazepam. The control group
that, despite being injected with pilocarpine, does not develop SE more effectively allow
assessment of the effects associated with SE as opposed to the effects associated with the mere
administration of pilocarpine. As previously described, these animals do not develop
spontaneous recurrent seizures and the brain is as normal as in saline-injected rats (i.e. no
detectable neuronal death, etc). Several studies have demonstrated that molecular, structural
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and functional changes observed during the chronic phase, an even early after SE, on the
pilocarpine model of epilepsy are strictly related to self-sustained seizures (SE) but not to the
administration of pilocarpine (Cavalheiro et al., 1991; Mello et al., 1993; Mello et al., 1996).
It has been reported that more than 30 min of SE are necessary to trigger long-term
modifications in neuronal circuits and chronic epileptogenesis (Lemos and Cavalheiro,
1995). Likewise, no significant differences or alterations on BK channel expression have been
observed among those control groups. Therefore, data from those groups was grouped together
as a single control group. In addition to facilitate the analysis, grouping together control animals
allow us to minimize the number of animals necessary for the study. Systemic pilocarpine
injection induced status epilepticus (SE) in 70% of injected rats consisting of continuous
tremor, rearing, myoclonic jerks, clonic forearms and head movements with eventual side
fallings. Only animals that experienced at least 3 hr of self-sustained SE (up to 4 hr duration)
were included in this study. To minimize the mortality rate of the procedure, animals were
allowed to remain in SE for 3 hr rats by administering diazepam (10 mg/kg, i.p.) to quell
behavioral seizures (Danzer and McNamara, 2004; Mello et al., 1993; Pacheco Otalora et al.,
2006). All animals that received pilocarpine were given Nutra-Gel® soft food (Bio-Serv,
Frenchtown, NJ), fresh apples and water in an easily-reachable container inside the recovery
cage for 48 hr after SE induction. Several subcutaneous injections of 20 ml Ringer-lactate was
administered to compensate for any liquid lost (i.e. salivation, urination) every 8 hr after SE
termination for 24 hr. SE induction protocol was lethal in about 20% of pilocarpine-treated
rats. After SE, rats were monitored for detection of at least two spontaneous seizures using a
JVC MiniDV digital video-camera and researcher-assisted SeizureScan software (Clever Sys.,
Inc, Reston, VA) to define the beginning of the chronic phase (on average 2–4 weeks after SE
induction). Seizures were confirmed off-line by an experienced researcher. Only seizures
graded ≥3 in the Racine’s scale (Racine, 1972) per week were computed (according to maximal
sensitivity of the detection system). In average, SE-suffering rats experienced approximately
5–8 seizures per week regularly during the observation period.
Tissue preparation and immunohistochemistry
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Age-matched control (see below) and epileptic rats were anesthetized with 100 mg/kg ketamine
and transaortically perfused with 4% formaldehyde in 0.1 M sodium phosphate buffer
containing 0.9% NaCl (PBS), pH 7.4. Brains were carefully removed and postfixed by
overnight immersion in the same fixative at 4° C. After a brief wash in PBS, brains were
cryoprotected in a solution of 30% sucrose in PBS for ~48 hr at 4° C. Brains were then immersed
in OCT medium and frozen (−20° C) and 40 μm-thick coronal sections were sliced using
cryostat (HM500 Microm by Zeiss, Waldorf, Germany) and stored in 150mM Tris, pH 7.4, in
150mM NaCl (TBS) containing 0.1% NaN3. Coronal sections correspond to Paxinos’s atlas
at the level of Bregma −2.57 up to −3.8 (Paxinos and Watson, 2004). Several sections were
Nissl-stained to assess amount of seizure-mediated neuronal loss as well as cytoarchitectonic
boundaries and characteristics of hippocampal subfields. Corresponding free-floating sections
were selected from both control and epileptic groups and processed simultaneously as
described previously (Sailer et al., 2004). Free floating sections were permeabilized in TBS
with 0.4% Triton X-100 (T-TBS) for 90 min. After blocking the endogenous peroxidase with
25% methanol and 1% H2O2 in TBS, nonspecific binding sites were blocked with 2% normal
goat serum (NGS), 2% bovine serum albumin (BSA) and 0.2% milk powder in TBS-T. Brain
sections were incubated with BK antibodies overnight, followed by a peroxidase-conjugated
goat anti-rabbit or goat anti-mouse antibody (1:400; Dako, Glostrup, Denmark) for 150 min.
Immunoreaction products were visualized by addition of 0.06% 3,3′-diaminobenzidine and
0.003% H2O2 for exactly 30 min. Images were captured into Adobe Photoshop from a Zeiss
Axiocam CCD 24-bit colour digital camera mounted on a Zeiss Axioplan 2 microscope (Zeiss,
Oberkochen, Germany). For detection BK channels we used different primary antibodies as
follows: a mouse monoclonal anti-BK690–1196 (L6/60; 1–2 μg/ml, UC Davis/NINDS/NIMH
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NeuroMab Facility), rabbit polyclonal anti-BK1098–1196 (APC-021, 1–2 μg/ml; Alomone Labs,
Inc) and affinity purified rabbit polyclonal anti-BK913–926 (1 μg/ml) (Wanner et al., 1999).
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Immunofluorescence
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In order to assess the integrity of the mossy fiber pathway and whether BK channels are
expressed at mossy fiber axon and terminals, double immunofluorescence assays were
developed using anti-BK690–1196 (2 μg/ml; L6/60) and guinea pig polyclonal anti-vesicular
glutamate transporter 1 (anti-VGluT1; 1:10000, AB5905; Chemicon, Temecula, CA) on
sections (40 μm) that were processed simultaneously from a pair of control and epileptic rats.
Bound primary antibodies were detected by using a cocktail of fluorescence goat secondary
anti-mouse or anti-rabbit IgG conjugates (1:200-1:1000; Invitrogen, Carlsbad, CA) tagged with
Alexa Fluor 488 and 568 for green and red fluorescence respectively. Omitting primary
antibodies from the immunohistochemistry processing steps eliminated fluorescence or
peroxidase labeling of cells. Sections were mounted in histological slides, coverslipped using
FluorSave™ reagent (Calbiochem, San Diego, CA), and stored at 4° C for analysis. All of the
immunohistochemical procedures were performed at room temperature (~25°C) except for the
incubation with primary antibodies (4°C). Fluorescent signals were captured by using
computerized acquisition system Fluoview FV300 and inverted confocal laser scanning
microscope (Leeds Precision Instrument Inc., MN) equipped with argon (488 nm) and krypton
(568 nm) lasers for Alexa Fluor 488 (emission by 505–550 nm bandpass filter) and Alexa Fluor
568 (emission by 585 nm long-pass filter) imaging respectively. The two fluorophores were
acquired separately and combined in Fluorview. For immunofluorescence quantification,
several corresponding sectors (~50 um diameter) were selected for analysis in mossy fiber
termination zone (stratum lucidum) and in hilus of dentate gyrus. To allow direct comparison
of different data sets, imaging was performed using same parameters for laser excitation (i.e.
intensity) and photomultiplier tube detection (i.e. sensitivity) in each set of control and epileptic
samples. For quantification of immunofluorescence intensity, sections at equivalent coronal
levels ( 3.0 to −3.6 mm from bregma) (Paxinos and Watson, 2004) were analyzed, and Nisslstained adjacent sections were used to verify the identity of structures. For quantitative analysis,
two sections from each pair of simultaneously processed control and epileptic rat set were
analyzed by measuring the relative fluorescence intensity in Fluoview. Four hippocampi per
animal (one slide per animal containing two adjacent sections, each with two hippocampi) were
analyzed. Data from same animal were pooled together, averaged and presented as a percentage
of change in fluorescence intensity when compared to related controls as previously described
(Pacheco Otalora et al., 2006). Data were expressed as relative fluorescence intensity in
arbitrary units ± SD.
Sample preparation and Western blotting
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Paired four sets of age-matched control and epileptic rats were processed simultaneously. After
decapitation, brains were removed and submerged in oxygenated (95% O2/5% CO2) ice-cold
artificial cerebrospinal fluid (ACSF) containing the following (in mM): 125 NaCl, 3.5 KCl, 2
CaCl2, 2 MgSO4, BES, 15 D-glucose, pH 7.4 for dissection of hippocampus and parietal cortex
(~ 50 mg). Samples were separately homogenized in Dounce homogenizers in 10 vol of icecold standard radioimmunoprecipitation assay (RIPA) buffer (Pierce, Rockford, IL) (in mM):
25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% Sodium deoxycholate and 0.1 % SDS.,
pH 7.4 containing 10 μl of a Halt Protease Inhibitor Cocktails and 10 mM PMSF
(phenylmethylsulfonyl fluoride) (Pierce) per 1 ml of buffer. Protein concentration was
determined using Pierce BCATM (bicinchoninic acid) Protein Assay kit and SpectraMax M5
microplate reader (Molecular Devices, Sunnyvale, CA) and bovine serum albumin (BSA) was
used as standard. Samples from paired control and epileptic brain were adjusted to a final
protein concentration of 1.5 mg/ml, boiled for 5 min in Laemmli buffer and resolved on Trisglycine buffered SDS-PAGE (95V, 60 min). Proteins were electrotransferred (25 V, overnight)
Brain Res. Author manuscript; available in PMC 2009 March 20.

Pacheco Otalora et al.

Page 13

NIH-PA Author Manuscript
NIH-PA Author Manuscript

to a polyvinylidene difluoride (PVDF) membrane using Mini-PROTEAN 3 electrophoresis
apparatus (Bio-Rad Laboratories, Mississauga, ON). Membranes were blocked for 2 hrs at
room temperature in 0.01M Tris-buffered saline (TBS) containing 5% non-fat dry milk and
0.1% Tween-20. The membranes were then probed overnight at 40C with the primary antibody
(anti-BK690–1196, anti-BK1098–1196 or anti-VGlut1, anti-neuron-specific nuclear protein,
NeuN, Chemicon) diluted at 1:500 and 1:5000 in TBS containing 2% non-fat dry milk and
0.1% Tween-20. The membranes were washed in TBS with 0.1% Tween-20 then incubated
for 2 hr in biotinylated secondary antibody (goat anti-mouse, anti-rabbit or anti-guinea pig) as
recommended by vendor (Vector labs). After washing 3 times in 0.01M TBS, membranes were
incubated 90 min in ABC (room temperature), rinsed 3 times (15 min each) in PBS and the
proteins immunopositive bands visualized by chemiluminescent detection using ECL Plus
Western Blotting Kits according to manufacturer’s protocols (Pierce) and a Bio-Rad ChemiDoc
XRS digital documentation system. Exposure times were adjusted so that the darkest bands
did not saturate the film. Levels of protein immunoreactivity were quantified by measuring the
optical density of specific BK and VGluT1 reactive bands using Quantity One 1-D Analysis
Software (Bio-Rad). Background optical density levels were taken for each image of a blot
and were subtracted from the optical density obtained for each individual immunoreactive
band. Stripped membranes were reprocessed once for detecting VGluT1-positive bands using
similar protocol. Western blot data were compiled from four independent control and epileptic
rats for statistical analysis. For each experiment samples were run in duplicate. Samples from
cortex and hippocampus for each pair of control and epileptic rats where processed in parallel
on a single gel and subjected to same immunoblotting procedure.
Dentate gyrus RNA isolation
A set of a control and epileptic rats were anesthetized as above and rapidly decapitated to
prepare 600 μm hippocampal slices in ACSF (2–4° C). The region of dentate gyrus was
microdissected with 27 gauge needles assisted via stereomicroscope (10–20x). Sections were
collected, weighed (~20 mg), homogenized, (Dounce tissue grinder) and processed for total
RNA isolation using the RNeasy Mini Kit (Qiagen, Valencia, CA) following manufacture
protocol. The concentration and purity of total RNA for each sample was determined by optical
density measurements at 260 and 280nm using a BioMate 5 UV-visible spectrophotometer
(Thermo Spectronic, Waltham, Mass.).The RNA integrity was assessed for clear, sharp 28S:
18S rRNA bands and electrophoresed on a 1% Agarose gel stained with ethidium bromide
(Invitrogen).
Semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR)
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RNA concentration was normalized for all samples. RNA samples from a pair of control and
epileptic rats where processed in parallel under the same conditions. RT and PCR reactions
were performed in iCycler Thermal Cycler PCR System (Bio-Rad) using SuperScript First
Strand Synthesis reaction for RT-PCR System (Invitrogen) and Platinum Taq DNA
Polymerase (Invitrogen). Three types of controls aimed at detecting genomic DNA
contamination in the RNA sample or during the RT or PCR reactions were always included:
a RT mixture without reverse transcriptase, a RT mixture including the enzyme but no RNA,
and a PCR mixture with no cDNA template were subjected to PCR. First-Strand cDNA
Synthesis reaction was performed using oligodeoxythymidine primer, 5μg total RNA, and 50
units of SuperScript II Reverse Transcriptase in 20μl of total volume. Specific primers for the
rat BK channel related sequences were sense 5′-GGCTGGAAGTGAATTCTGTAG-3′ and
antisense 5′-TGAGTAAGTAGACACATTCCC-3′. These primer sequences are based on the
rat brain BK channel sequence rslo in regions that correspond in mslo to 1063-1083 bases and
produced a product of 312 base pairs (bp) as reported before (Muller et al., 1998).
Housekeeping gene for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as an
internal control and ran parallel in separate reaction tubes for the semi-quantitative relative
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comparison purposes. GAPDH is a catalytic enzyme involved in glycolysis and is
constitutively expressed in almost all tissues at high levels. Primers for the GAPDH sequence
were as follows: GAPDH sense, 5′-CAGCACCAGCATCACCCCATTT-3′ and antisense 5′CAAGATGGTGAAGGTCGGTGTGAA and produced a product of 200 bp. The BK channel
reactions used the following steps: 1 cycle of 94 C for 3 min, denaturation at 94° C for 30 sec,
annealing at 57° C for 30 sec, and polymerization at 72° C for 1 min for 20 cycles, 30 cycles,
and 40 cycles; ending with 7 min at 72° C and storage at 4° C. The GAPDH reactions used the
following steps: 1 cycle of 94 C for 3 min, 35 cycles of 94° C for 1 min, 59° C for 1.5min, 72°
C for 1.5min, and a final 7 min extension at 72° C and stored at 4° C. Each PCR amplification
(50 μl of final volume) contained 10μM sense and antisense primer, 10mM deoxynucleotides
(dNTP), 10X PCR buffer, 50mM MgCl2, 5 units of Platinum Taq DNA Polymerase, and 2μl
of cDNA template. For gel electrophoresis, 10 μl of the PCR reaction was electrophoresed on
an 2% agarose gel at 80 V for 3.5 hrs. Gels were stained with ethidium bromide, visualized
under U.V. light and images digitally acquired using Bio-Rad ChemiDoc XRS. Bands were
identified according to DNA ladders and reported product size. To determine the expression
BK channel mRNAs in control versus epileptic tissue, we used a semi-quantitative method
based on the amplification of the constitutively expressed GAPDH as internal control. Thus,
the signal from the internal control can be used to normalize the sample data. Optical density
was quantified using UN-SCAN-IT software (Silk Scientific, Inc, Orem, UT) and expressed
as arbitrary units to calculate BK mRNA/GAPDH mRNA ratio.
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Statistical analysis of data
For means comparisons the statistical significance of the difference was assessed using paired,
non-paired Student’s t-test or one-way ANOVA, as indicated. Statistics and graphs were
prepared using the software package Statistica (Statsoft, Inc) and Sigmaplot (Systat Software,
Inc. San Jose, CA). The level of statistical significance was set as p<0.05.

Abbreviations
BK
MaxiK Large conductance calcium-activated potassium channels
β
BK channel accessory β subunits
β4
BK channel accessory β subunit
MTLE
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Mesial temporal lobe epilepsy
iml
inner molecular layer
I
Relative fluorescence intensity
mml
middle molecular layer
LSCM
Laser scanning confocal microscopy
SE
status epilepticus
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gcl
granule cell layer
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mf
mossy fibres
ACSF
artificial cerebrospinal fluid
sl
stratum lucidum
dT
oligodeoxythymidine
dNTP
deoxynucleotides
GAPDH
gene for glyceraldehyde-3-phosphate dehydrogenase
dNTP

NIH-PA Author Manuscript

deoxynucleotides
CA
Cornus amonnis
DG
dentate gyrus
slm
stratum lacunosum/moleculare
sr
stratum radiatum
so
stratum oriens
sp
stratum pyramidale
VGluT1
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vesicular glutamate transporter 1
RFI
relative fluorescence intensity
PBS
phosphate-buffered saline
PVDF
polyvinylidene difluoride
mGluR I and II
group I and II metabotropic glutamate receptors
IF
immunofluorescence
Brain Res. Author manuscript; available in PMC 2009 March 20.

Pacheco Otalora et al.

Page 16

Literature References
NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Arabadzisz D, Antal K, Parpan F, Emri Z, Fritschy JM. Epileptogenesis and chronic seizures in a mouse
model of temporal lobe epilepsy are associated with distinct EEG patterns and selective neurochemical
alterations in the contralateral hippocampus. Exp Neurol 2005;194:76–90. [PubMed: 15899245]
Aronica E, Gorter JA. Gene expression profile in temporal lobe epilepsy. Neuroscientist 2007;13:100–
8. [PubMed: 17404370]
Behrens R, Nolting A, Reimann F, Schwarz M, Waldschutz R, Pongs O. hKCNMB3 and hKCNMB4,
cloning and characterization of two members of the large-conductance calcium-activated potassium
channel beta subunit family. FEBS Lett 2000;474:99–106. [PubMed: 10828459]
Bernard C, Anderson A, Becker A, Poolos NP, Beck H, Johnston D. Acquired dendritic channelopathy
in temporal lobe epilepsy. Science 2004;305:532–5. [PubMed: 15273397]
Bernasconi N, Natsume J, Bernasconi A. Progression in temporal lobe epilepsy: differential atrophy in
mesial temporal structures. Neurology 2005;65:223–8. [PubMed: 16043790]
Borges K, Gearing M, McDermott DL, Smith AB, Almonte AG, Wainer BH, Dingledine R. Neuronal
and glial pathological changes during epileptogenesis in the mouse pilocarpine model. Exp Neurol
2003;182:21–34. [PubMed: 12821374]
Brenner R, Jegla TJ, Wickenden A, Liu Y, Aldrich RW. Cloning and functional characterization of novel
large conductance calcium-activated potassium channel beta subunits, hKCNMB3 and hKCNMB4. J
Biol Chem 2000;275:6453–61. [PubMed: 10692449]
Brenner R, Chen QH, Vilaythong A, Toney GM, Noebels JL, Aldrich RW. BK channel beta4 subunit
reduces dentate gyrus excitability and protects against temporal lobe seizures. Nat Neurosci
2005;8:1752–9. [PubMed: 16261134]
Cavalheiro EA, Leite JP, Bortolotto ZA, Turski WA, Ikonomidou C, Turski L. Long-term effects of
pilocarpine in rats: structural damage of the brain triggers kindling and spontaneous recurrent seizures.
Epilepsia 1991;32:778–82. [PubMed: 1743148]
Cavalheiro EA. The pilocarpine model of epilepsy. Ital J Neurol Sci 1995;16:33–7. [PubMed: 7642349]
Cavazos JE, Cross DJ. The role of synaptic reorganization in mesial temporal lobe epilepsy. Epilepsy
Behav 2006;8:483–93. [PubMed: 16500154]
Celesia GG. Disorders of membrane channels or channelopathies. Clin Neurophysiol 2001;112:2–18.
[PubMed: 11137655]
Chen L, Tian L, MacDonald SH, McClafferty H, Hammond MS, Huibant JM, Ruth P, Knaus HG,
Shipston MJ. Functionally diverse complement of large conductance calcium- and voltage-activated
potassium channel (BK) alpha-subunits generated from a single site of splicing. J Biol Chem
2005;280:33599–609. [PubMed: 16081418]
Cheney JA, Weisser JD, Bareyre FM, Laurer HL, Saatman KE, Raghupathi R, Gribkoff V, Starrett JE
Jr, McIntosh TK. The maxi-K channel opener BMS-204352 attenuates regional cerebral edema and
neurologic motor impairment after experimental brain injury. J Cereb Blood Flow Metab
2001;21:396–403. [PubMed: 11323525]
Cooper EC, Aldape KD, Abosch A, Barbaro NM, Berger MS, Peacock WS, Jan YN, Jan LY.
Colocalization and coassembly of two human brain M-type potassium channel subunits that are
mutated in epilepsy. Proc Natl Acad Sci U S A 2000;97:4914–9. [PubMed: 10781098]
Crino PB, Becker AJ. Gene profiling in temporal lobe epilepsy tissue and dysplastic lesions. Epilepsia
2006;47:1608–16. [PubMed: 17054681]
Danzer SC, McNamara JO. Localization of brain-derived neurotrophic factor to distinct terminals of
mossy fiber axons implies regulation of both excitation and feedforward inhibition of CA3 pyramidal
cells. J Neurosci 2004;24:11346–55. [PubMed: 15601941]
Debanne D, Thompson SM, Gahwiler BH. A brief period of epileptiform activity strengthens excitatory
synapses in the rat hippocampus in vitro. Epilepsia 2006;47:247–56. [PubMed: 16499748]
Delorenzo RJ, Sun DA, Deshpande LS. Cellular mechanisms underlying acquired epilepsy: the calcium
hypothesis of the induction and maintainance of epilepsy. Pharmacol Ther 2005;105:229–66.
[PubMed: 15737406]

Brain Res. Author manuscript; available in PMC 2009 March 20.

Pacheco Otalora et al.

Page 17

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Du W, Bautista JF, Yang H, Diez-Sampedro A, You SA, Wang L, Kotagal P, Luders HO, Shi J, Cui J,
Richerson GB, Wang QK. Calcium-sensitive potassium channelopathy in human epilepsy and
paroxysmal movement disorder. Nat Genet 2005;37:733–8. [PubMed: 15937479]
Dyhrfjeld-Johnsen J, Soltesz I. Dendritic h channelopathy in epileptogenesis. Neuron 2004;44:402–3.
[PubMed: 15504320]
Epsztein J, Represa A, Jorquera I, Ben-Ari Y, Crepel V. Recurrent mossy fibers establish aberrant kainate
receptor-operated synapses on granule cells from epileptic rats. J Neurosci 2005;25:8229–39.
[PubMed: 16148230]
Feng L, Molnar P, Nadler JV. Short-term frequency-dependent plasticity at recurrent mossy fiber
synapses of the epileptic brain. J Neurosci 2003;23:5381–90. [PubMed: 12832564]
Gabriel S, Njunting M, Pomper JK, Merschhemke M, Sanabria ER, Eilers A, Kivi A, Zeller M, Meencke
HJ, Cavalheiro EA, Heinemann U, Lehmann TN. Stimulus and potassium-induced epileptiform
activity in the human dentate gyrus from patients with and without hippocampal sclerosis. J Neurosci
2004;24:10416–30. [PubMed: 15548657]
Ghatta S, Nimmagadda D, Xu X, O’Rourke ST. Large-conductance, calcium-activated potassium
channels: structural and functional implications. Pharmacol Ther 2006;110:103–16. [PubMed:
16356551]
Gonzales RB, DeLeon Galvan CJ, Rangel YM, Claiborne BJ. Distribution of thorny excrescences on
CA3 pyramidal neurons in the rat hippocampus. J Comp Neurol 2001;430:357–68. [PubMed:
11169473]
Gorter JA, van Vliet EA, Aronica E, Breit T, Rauwerda H, Lopes da Silva FH, Wadman WJ. Potential
new antiepileptogenic targets indicated by microarray analysis in a rat model for temporal lobe
epilepsy. J Neurosci 2006;26:11083–110. [PubMed: 17065450]
Gribkoff VK, Starrett JE Jr, Dworetzky SI. Maxi-K potassium channels: form, function, and modulation
of a class of endogenous regulators of intracellular calcium. Neuroscientist 2001a;7:166–77.
[PubMed: 11496927]
Gribkoff VK, Starrett JE Jr, Dworetzky SI, Hewawasam P, Boissard CG, Cook DA, Frantz SW, Heman
K, Hibbard JR, Huston K, Johnson G, Krishnan BS, Kinney GG, Lombardo LA, Meanwell NA,
Molinoff PB, Myers RA, Moon SL, Ortiz A, Pajor L, Pieschl RL, Post-Munson DJ, Signor LJ,
Srinivas N, Taber MT, Thalody G, Trojnacki JT, Wiener H, Yeleswaram K, Yeola SW. Targeting
acute ischemic stroke with a calcium-sensitive opener of maxi-K potassium channels. Nat Med
2001b;7:471–7. [PubMed: 11283675]
Gutierrez R, Heinemann U. Co-existence of GABA and Glu in the hippocampal granule cells:
implications for epilepsy. Curr Top Med Chem 2006;6:975–8. [PubMed: 16787272]
Ha TS, Heo MS, Park CS. Functional effects of auxiliary beta4-subunit on rat large-conductance Ca(2
+)-activated K(+) channel. Biophys J 2004;86:2871–82. [PubMed: 15111404]
Heinemann U, Beck H, Dreier JP, Ficker E, Stabel J, Zhang CL. The dentate gyrus as a regulated gate
for the propagation of epileptiform activity. Epilepsy Res Suppl 1992;7:273–80. [PubMed: 1334666]
Henze DA, Wittner L, Buzsaki G. Single granule cells reliably discharge targets in the hippocampal CA3
network in vivo. Nat Neurosci 2002;5:790–5. [PubMed: 12118256]
Hewawasam P, Ding M, Chen N, King D, Knipe J, Pajor L, Ortiz A, Gribkoff VK, Starrett J. Synthesis
of water-soluble prodrugs of BMS-191011: a maxi-K channel opener targeted for post-stroke
neuroprotection. Bioorg Med Chem Lett 2003;13:1695–8. [PubMed: 12729644]
Hirose S. A new paradigm of channelopathy in epilepsy syndromes: intracellular trafficking abnormality
of channel molecules. Epilepsy Res 2006;70(Suppl 1):S206–17. [PubMed: 16860540]
Holmes GL, Sarkisian M, Ben-Ari Y, Chevassus-Au-Louis N. Mossy fiber sprouting after recurrent
seizures during early development in rats. J Comp Neurol 1999;404:537–53. [PubMed: 9987996]
Hotson JR, Prince DA. A calcium-activated hyperpolarization follows repetitive firing in hippocampal
neurons. J Neurophysiol 1980;43:409–19. [PubMed: 6247461]
Hu H, Shao LR, Chavoshy S, Gu N, Trieb M, Behrens R, Laake P, Pongs O, Knaus HG, Ottersen OP,
Storm JF. Presynaptic Ca2+-activated K+ channels in glutamatergic hippocampal terminals and their
role in spike repolarization and regulation of transmitter release. J Neurosci 2001;21:9585–97.
[PubMed: 11739569]

Brain Res. Author manuscript; available in PMC 2009 March 20.

Pacheco Otalora et al.

Page 18

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Hu S, Labuda MZ, Pandolfo M, Goss GG, McDermid HE, Ali DW. Variants of the KCNMB3 regulatory
subunit of maxi BK channels affect channel inactivation. Physiol Genomics 2003;15:191–8.
[PubMed: 14612589]
Jamali S, Bartolomei F, Robaglia-Schlupp A, Massacrier A, Peragut JC, Regis J, Dufour H, Ravid R,
Roll P, Pereira S, Royer B, Roeckel-Trevisiol N, Fontaine M, Guye M, Boucraut J, Chauvel P, Cau
P, Szepetowski P. Large-scale expression study of human mesial temporal lobe epilepsy: evidence
for dysregulation of the neurotransmission and complement systems in the entorhinal cortex. Brain
2006;129:625–41. [PubMed: 16399808]
Jin W, Sugaya A, Tsuda T, Ohguchi H, Sugaya E. Relationship between large conductance calciumactivated potassium channel and bursting activity. Brain Res 2000;860:21–8. [PubMed: 10727620]
Jung S, Jones TD, Lugo JN Jr, Sheerin AH, Miller JW, D’Ambrosio R, Anderson AE, Poolos NP.
Progressive dendritic HCN channelopathy during epileptogenesis in the rat pilocarpine model of
epilepsy. J Neurosci 2007;27:13012–21. [PubMed: 18032674]
Kaczorowski GJ, Knaus HG, Leonard RJ, McManus OB, Garcia ML. High-conductance calciumactivated potassium channels; structure, pharmacology, and function. J Bioenerg Biomembr
1996;28:255–67. [PubMed: 8807400]
Kaneko T, Fujiyama F. Complementary distribution of vesicular glutamate transporters in the central
nervous system. Neurosci Res 2002;42:243–50. [PubMed: 11985876]
Kaneko T, Fujiyama F, Hioki H. Immunohistochemical localization of candidates for vesicular glutamate
transporters in the rat brain. J Comp Neurol 2002;444:39–62. [PubMed: 11835181]
Knaus HG, Schwarzer C, Koch RO, Eberhart A, Kaczorowski GJ, Glossmann H, Wunder F, Pongs O,
Garcia ML, Sperk G. Distribution of high-conductance Ca(2+)-activated K+ channels in rat brain:
targeting to axons and nerve terminals. J Neurosci 1996;16:955–63. [PubMed: 8558264]
Kutlu G, Bilir E, Erdem A, Gomceli YB, Leventoglu A, Kurt GS, Karatas A, Serdaroglu A. Temporal
lobe ictal behavioral patterns in hippocampal sclerosis and other structural abnormalities. Epilepsy
Behav 2005;6:353–9. [PubMed: 15820343]
Lawson K. Is there a role for potassium channel openers in neuronal ion channel disorders? Expert Opin
Investig Drugs 2000;9:2269–80.
Leite JP, Garcia-Cairasco N, Cavalheiro EA. New insights from the use of pilocarpine and kainate models.
Epilepsy Res 2002;50:93–103. [PubMed: 12151121]
Lemos T, Cavalheiro EA. Suppression of pilocarpine-induced status epilepticus and the late development
of epilepsy in rats. Exp Brain Res 1995;102:423–8. [PubMed: 7737389]
Lerche H, Jurkat-Rott K, Lehmann-Horn F. Ion channels and epilepsy. Am J Med Genet 2001;106:146–
59. [PubMed: 11579435]
Liu Z, Nagao T, Desjardins GC, Gloor P, Avoli M. Quantitative evaluation of neuronal loss in the dorsal
hippocampus in rats with long-term pilocarpine seizures. Epilepsy Res 1994;17:237–47. [PubMed:
8013446]
Liu Z, Yang Y, Silveira DC, Sarkisian MR, Tandon P, Huang LT, Stafstrom CE, Holmes GL.
Consequences of recurrent seizures during early brain development. Neuroscience 1999;92:1443–
54. [PubMed: 10426498]
Lorenz S, Heils A, Kasper JM, Sander T. Allelic association of a truncation mutation of the KCNMB3
gene with idiopathic generalized epilepsy. Am J Med Genet B Neuropsychiatr Genet 2006;144B:10–
13.
Lu R, Alioua A, Kumar Y, Eghbali M, Stefani E, Toro L. MaxiK channel partners: physiological impact.
J Physiol 2006;570:65–72. [PubMed: 16239267]
Lukasiuk K, Dabrowski M, Adach A, Pitkanen A. Epileptogenesis-related genes revisited. Prog Brain
Res 2006;158:223–41. [PubMed: 17027699]
MacDonald SH, Ruth P, Knaus HG, Shipston MJ. Increased large conductance calcium-activated
potassium (BK) channel expression accompanied by STREX variant downregulation in the
developing mouse CNS. BMC Dev Biol 2006;6:37. [PubMed: 16872513]
Majores M, Eils J, Wiestler OD, Becker AJ. Molecular profiling of temporal lobe epilepsy: comparison
of data from human tissue samples and animal models. Epilepsy Res 2004;60:173–8. [PubMed:
15380561]

Brain Res. Author manuscript; available in PMC 2009 March 20.

Pacheco Otalora et al.

Page 19

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Martin ED, Araque A, Buno W. Synaptic regulation of the slow Ca2+-activated K+ current in
hippocampal CA1 pyramidal neurons: implication in epileptogenesis. J Neurophysiol 2001;86:2878–
86. [PubMed: 11731544]
Masukawa LM, O’Connor WM, Lynott J, Burdette LJ, Uruno K, McGonigle P, O’Connor MJ.
Longitudinal variation in cell density and mossy fiber reorganization in the dentate gyrus from
temporal lobe epileptic patients. Brain Res 1995;678:65–75. [PubMed: 7620900]
Mello LE, Cavalheiro EA, Tan AM, Kupfer WR, Pretorius JK, Babb TL, Finch DM. Circuit mechanisms
of seizures in the pilocarpine model of chronic epilepsy: cell loss and mossy fiber sprouting. Epilepsia
1993;34:985–95. [PubMed: 7694849]
Mello LE, Kohman CM, Tan AM, Cavalheiro EA, Finch DM. Lack of Fos-like immunoreactivity after
spontaneous seizures or reinduction of status epilepticus by pilocarpine in rats. Neurosci Lett
1996;208:133–7. [PubMed: 8859908]
Misonou H, Menegola M, Buchwalder L, Park EW, Meredith A, Rhodes KJ, Aldrich RW, Trimmer JS.
Immunolocalization of the Ca2+-activated K+ channel Slo1 in axons and nerve terminals of
mammalian brain and cultured neurons. J Comp Neurol 2006;496:289–302. [PubMed: 16566008]
Muller YL, Reitstetter R, Yool AJ. Regulation of Ca2+-dependent K+ channel expression in rat
cerebellum during postnatal development. J Neurosci 1998;18:16–25. [PubMed: 9412482]
Nadler JV. The recurrent mossy fiber pathway of the epileptic brain. Neurochem Res 2003;28:1649–58.
[PubMed: 14584819]
Naffah-Mazzacoratti MG, Funke MG, Sanabria ER, Cavalheiro EA. Growth-associated phosphoprotein
expression is increased in the supragranular regions of the dentate gyrus following pilocarpineinduced seizures in rats. Neuroscience 1999;91:485–92. [PubMed: 10366005]
Noebels JL. Sodium channel gene expression and epilepsy. Novartis Found Symp 2002;241:109–20.
[PubMed: 11771641]discussion 120–3, 226–32
O’Malley D, Shanley LJ, Harvey J. Insulin inhibits rat hippocampal neurones via activation of ATPsensitive K+ and large conductance Ca2+-activated K+ channels. Neuropharmacology 2003;44:855–
63. [PubMed: 12726817]
Oscarson M, Zanger UM, Rifki OF, Klein K, Eichelbaum M, Meyer UA. Transcriptional profiling of
genes induced in the livers of patients treated with carbamazepine. Clin Pharmacol Ther
2006;80:440–456. [PubMed: 17112801]
Pacheco Otalora LF, Couoh J, Shigamoto R, Zarei MM, Garrido Sanabria ER. Abnormal mGluR2/3
expression in the perforant path termination zones and mossy fibers of chronically epileptic rats.
Brain Res 2006;1098:170–85. [PubMed: 16793029]
Pal S, Sun D, Limbrick D, Rafiq A, DeLorenzo RJ. Epileptogenesis induces long-term alterations in
intracellular calcium release and sequestration mechanisms in the hippocampal neuronal culture
model of epilepsy. Cell Calcium 2001;30:285–96. [PubMed: 11587552]
Paxinos, G.; Watson, C. The Rat Brain in Stereotaxic Coordinates. Elsevier; New York: 2004.
Pisani A, Bonsi P, Martella G, De Persis C, Costa C, Pisani F, Bernardi G, Calabresi P. Intracellular
calcium increase in epileptiform activity: modulation by levetiracetam and lamotrigine. Epilepsia
2004;45:719–28. [PubMed: 15230693]
Poolos NP. The h-channel: a potential channelopathy in epilepsy? Epilepsy Behav 2005;7:51–6.
[PubMed: 15961349]
Racine RJ. Modification of seizure activity by electrical stimulation. II. Motor seizure.
Electroencephalogr Clin Neurophysiol 1972;32:281–94. [PubMed: 4110397]
Raza M, Pal S, Rafiq A, DeLorenzo RJ. Long-term alteration of calcium homeostatic mechanisms in the
pilocarpine model of temporal lobe epilepsy. Brain Res 2001;903:1–12. [PubMed: 11382382]
Remy S, Urban BW, Elger CE, Beck H. Anticonvulsant pharmacology of voltage-gated Na+ channels
in hippocampal neurons of control and chronically epileptic rats. Eur J Neurosci 2003;17:2648–58.
[PubMed: 12823472]
Richichi C, Brewster AL, Bender RA, Simeone TA, Zha Q, Yin HZ, Weiss JH, Baram TZ. Mechanisms
of seizure-induced ‘transcriptional channelopathy’ of hyperpolarization-activated cyclic nucleotide
gated (HCN) channels. Neurobiol Dis. 2007

Brain Res. Author manuscript; available in PMC 2009 March 20.

Pacheco Otalora et al.

Page 20

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Robitaille R, Garcia ML, Kaczorowski GJ, Charlton MP. Functional colocalization of calcium and
calcium-gated potassium channels in control of transmitter release. Neuron 1993;11:645–55.
[PubMed: 7691106]
Sailer CA, Kaufmann WA, Kogler M, Chen L, Sausbier U, Ottersen OP, Ruth P, Shipston MJ, Knaus
HG. Immunolocalization of BK channels in hippocampal pyramidal neurons. Eur J Neurosci
2006;24:442–54. [PubMed: 16903852]
Salkoff L, Butler A, Ferreira G, Santi C, Wei A. High-conductance potassium channels of the SLO family.
Nat Rev Neurosci 2006;7:921–31. [PubMed: 17115074]
Sausbier M, Hu H, Arntz C, Feil S, Kamm S, Adelsberger H, Sausbier U, Sailer CA, Feil R, Hofmann
F, Korth M, Shipston MJ, Knaus HG, Wolfer DP, Pedroarena CM, Storm JF, Ruth P. Cerebellar
ataxia and Purkinje cell dysfunction caused by Ca2+-activated K+ channel deficiency. Proc Natl
Acad Sci U S A 2004;101:9474–8. [PubMed: 15194823]
Selke K, Muller A, Kukley M, Schramm J, Dietrich D. Firing pattern and calbindin-D28k content of
human epileptic granule cells. Brain Res 2006;1120:191–201. [PubMed: 16997289]
Shanley LJ, O’Malley D, Irving AJ, Ashford ML, Harvey J. Leptin inhibits epileptiform-like activity in
rat hippocampal neurones via PI 3-kinase-driven activation of BK channels. J Physiol 2002;545:933–
44. [PubMed: 12482897]
Shao LR, Halvorsrud R, Borg-Graham L, Storm JF. The role of BK-type Ca2+-dependent K+ channels
in spike broadening during repetitive firing in rat hippocampal pyramidal cells. J Physiol 1999;521
(Pt 1):135–46. [PubMed: 10562340]
Shigemoto R, Kinoshita A, Wada E, Nomura S, Ohishi H, Takada M, Flor PJ, Neki A, Abe T, Nakanishi
S, Mizuno N. Differential presynaptic localization of metabotropic glutamate receptor subtypes in
the rat hippocampus. J Neurosci 1997;17:7503–22. [PubMed: 9295396]
Tang FR, Chia SC, Chen PM, Gao H, Lee WL, Yeo TS, Burgunder JM, Probst A, Sim MK, Ling EA.
Metabotropic glutamate receptor 2/3 in the hippocampus of patients with mesial temporal lobe
epilepsy, and of rats and mice after pilocarpine-induced status epilepticus. Epilepsy Res
2004;59:167–80. [PubMed: 15246118]
Taniura H, Sng JC, Yoneda Y. Histone modifications in status epilepticus induced by kainate. Histol
Histopathol 2006;21:785–91. [PubMed: 16598677]
Tu B, Timofeeva O, Jiao Y, Nadler JV. Spontaneous release of neuropeptide Y tonically inhibits recurrent
mossy fiber synaptic transmission in epileptic brain. J Neurosci 2005;25:1718–29. [PubMed:
15716408]
Turski WA, Cavalheiro EA, Bortolotto ZA, Mello LM, Schwarz M, Turski L. Seizures produced by
pilocarpine in mice: a behavioral, electroencephalographic and morphological analysis. Brain Res
1984;321:237–53. [PubMed: 6498517]
Vrudhula VM, Dasgupta B, Boissard CG, Gribkoff VK, Santone KS, Dalterio RA, Lodge NJ, Starrett JE
Jr. Analogs of a potent maxi-K potassium channel opener with an improved inhibitory profile toward
cytochrome P450 isozymes. Bioorg Med Chem Lett 2005;15:4286–90. [PubMed: 16061379]
Wanner SG, Koch RO, Koschak A, Trieb M, Garcia ML, Kaczorowski GJ, Knaus HG. High-conductance
calcium-activated potassium channels in rat brain: pharmacology, distribution, and subunit
composition. Biochemistry 1999;38:5392–400. [PubMed: 10220326]
Wong RK, Traub RD. Synchronized burst discharge in disinhibited hippocampal slice. I. Initiation in
CA2-CA3 region. J Neurophysiol 1983;49:442–58. [PubMed: 6300343]
Wu SN. Large-conductance Ca2+-activated K+ channels:physiological role and pharmacology. Curr
Med Chem 2003;10:649–61. [PubMed: 12678784]
Yamashita M, Sugioka M, Ogawa Y. Voltage- and Ca2+-activated potassium channels in Ca2+ store
control Ca2+ release. Febs J 2006;273:3585–97. [PubMed: 16884498]

Brain Res. Author manuscript; available in PMC 2009 March 20.

Pacheco Otalora et al.

Page 21

NIH-PA Author Manuscript
NIH-PA Author Manuscript

Figure 1.
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Photomicrographs illustrating pattern of immunoperoxidase BK channel staining in a control
(a, b) versus a pilocarpine-induced epileptic rats (41 days after SE induction, 2–3 seizures per
week) (c, d) and (65 days after SE induction, 6–8 seizures per week) (e, f). In controls (a, b)
robust BK channel labeling was localized at the mossy fiber terminals in the CA3 stratum
lucidum (sl) (clear arrows) and hilus of dentate gyrus (black arrows 1). A less intense BK
staining was seen in the terminal zones of perforant path including stratum lacunosum/
moleculare and middle molecular layer of the dentate gyrus (2b,*). At higher magnification,
axon bundle-like profiles in CA3 stratum lucidum appeared positive for BK channels (b).
Granule cell layer lacks BK channel immunoreactivity that was mostly distributed in hilus and
middle molecular layer (1 arrow, *). In epileptic rats suffering 2–3 seizures a week, a marked
deficit of BK channel immunoreactivity was detected in the CA3 stratum lucidum, hilus,
stratum/lacunosum moleculare and middle molecular layer of dentate gyrus (c). At higher
magnification, only few fibers were found positive for BK channels in the stratum lucidum (d:
clear arrow). BK channel staining was reduced in hilus and middle molecular layer (c: clear
arrow, 1arrow and 2b). In epileptic rats suffering 6–8 seizures per week, the hippocampus
exhibited signs of extensive atrophy and BK channel immunoreactivity was markedly reduced
in hilus of dentate gyrus (e: clear arrow, 1arrow and 2b) and stratum lucidum of the CA3 area
(f). Scale bar 200μm in a, c, e; 100μm in b, d, f.
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Seizures induce neuronal loss and reduction of BK channel expression in the chronically
epileptic hippocampus. Representative Nissl staining of hippocampal dentate gyrus and Ca3
area in control rat (a1, a2) and epileptic rat sacrificed at 55 days after status epilepticus (SE)
(a3, a4). Notice a reduction in hilar cells in DG and neurons in the stratum pyramidale (sp) and
stratum lucidum (sl) of the epileptic rats and apparent preservation of granule cells in dentate
gyrus. Fluorescent Nissl counterstaining in sections processed for BK channel
immunofluorescence shows an intense BK channel immunolabeling in the hilus of dentate
gyrus (b1) and mossy fiber projection area (i.e. sl) in Ca3 area of control rat (b2). In contrast,
sections from epileptic rat show signs of granule cell dispersion in dentate gyrus, preserved
granule cell layer, and neuronal loss in Ca3 area in addition to a severe down-regulation of BK
channel immunofluorescence in hilus (b3) and sl (b4). c1–4. Progressive reduction in BK
channel IF following SE. c1. BK channel IF in the Ca3 area sl from age-matched saline-injected
control rat (c2), animal sacrificed 10 days after SE (c2), chronically epileptic rat suffering 30
days post-SE survival period (c3) and epileptic rat sacrificed at 65 days after SE (c4). Scale
bars= 100 mm.
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Double immunofluorescence and co-localization assays for vesicular glutamate transporter 1
(VGluT1) and BK channels in the stratum lucidum of CA3 area. High magnification images
revealing that VGluT1 immunolabeling was localized in clusters of rounded structures
resembling mossy fiber boutons (A) while BK channel immunofluoresence signals were
localized in axon-like fibers and bundles (B) that passed surrounding VGluT1-positive
structures (C ) with some degree of co-localization (C1). (D). Co-localization plot for both
signals revealed that a portion of VgluT1-positive signals strongly co-localize with BK
channels mainly in a perimeter of VGluT1-positive bouton-like structures (C2). Notice that
the hollow center of VGluT1-positive structures are devoid of BK channel staining (* in C1
and C2), thus representing, most probably, postsynaptic spines (thorny excrescences) of CA3
pyramidal cell dendrites. Scale for A-C = 5 μm and Scale for C1 and C2 = 2.5 μm.
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Figure 4.
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(A). Double immunofluorescence assay for VGluT1 and BK channels in the CA3 area of
controls (a-c) versus epileptic rats (d-f). In representative saline-injected control rat, prominent
fiber-like BK channel staining (b) apparently co-localized with VGluT1 staining (a) at the CA3
stratum lucidum (sl) (i.e. suprapyramidal zone) (c). Notice that pyramidal layer (*) was almost
completely devoid of both VGluT1 and BK channel labeling. At high magnification, strong
BK immunofluorescence appeared at axon bundle-like fibers (c’) intermixed and slightly colocalized with VGluT1-positive figures resembling giant mossy fiber boutons. In the epileptic
rat (40 days post-SE period), VGluT1 staining was disorganized and appeared crossing across
the pyramidal layer (*) top the infrapyramidal area in stratum oriens (d). A significant reduction
in BK immunofluorescence was noticed in stratum lucidum CA3 (e, f). At higher
magnification, few BK channel-positive fiber-like staining was observed in CA3 stratum
lucidum.(f’) (B). Analysis of relative fluorescence intensity (I) was performed in two areas
(hilus) and stratum lucidum CA3 of control (c, black box, C) versus epileptic rats (e, white
box, E) that experienced more than 30 days of post-SE period (up to 65 days of post-SE period)
revealed a significant reduction in BK channel signals at CA3 area and in the hilus of
chronically epileptic rats (white boxes) of approximately 40 and 50% respectively (* Student
t-test, P<0.01) (C ).
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Double immunofluorescence staining for VGluT1 and BK channels in the dentate gyrus of
saline-injected control rat (a - c) versus epileptic rats (d-f). Representative confocal microscopy
images from a control rat revealed abundant VGluT1 immunoreactivity (green channel) (a) in
colocalization with strong BK channel staining (red channel) in the hilus (*) (b and c). Notice
less intense signal for both BK and VGluT1 immunofluorescence staining in a band
corresponding to the inferior and superior blade of the inner molecular layer (iml) region (b,
arrow 1). Moderately intense BK staining was observed in the middle molecular layer (mml)
(b, arrow 2) contrasting with a intense VGluT1 staining in the same region (a and c, arrow 2).
At higher magnification, BK channel immunolabeling punctuate appeared in the supragranular
area (iml) (c1 and f1arrows 3) and throughout the granule cell layer (gcl) whereas somas
(immunonegative rounded shapes) were mostly devoid of BK channel staining (open arrows
in c1 and c2). Notice that VGluT1 immunolabeling appear distributed as a punctuate labeling
in the supragranular region (mml) and scattered throughout the granule cell layer (c2). In a
representative chronic epileptic rat (45 days post-SE period), an intense band of VGlut1
staining was observed in the supragranular region resembling mossy fiber sprouting (d and f,
arrows 2). This VGluT1-positive band is better illustrated at higher magnification (Inset box
in f). VGluT1 immunoreactivity was very intense in the hilus prevailing over BK
immunosignals (f, **). Notice that BK channel immunostaining was present in the hilus (e,
**) but signal intensity was reduced when compared to the corresponding area in the control
dentate gyrus (b,*). A higher magnification (f1 and f2), a weak punctuate BK immunolabeling
appeared in iml and mml regions (arrow 3) and was almost completely absent from the gcl. In
contrast, increased VGluT1 immunoreactive punctuate was observed in the supragranular
region (arrow 4) in the granule cell region (arrow 5) (f2).
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BK protein expression and transcript levels are reduced in chronically epileptic rats. A, E.
Western blot analysis revealed a reduction in the expression of BK channel proteins (~125 kD
immunopositive diffuse band) was detected in total proteins extracted from cortex and
hippocampus by the chemiluminiscence ECL detection system. Statistical analysis revealed a
significant reduction of about 34.5±4.9% in cortex and 24.2±3.4% in the hippocampus of
epileptic rats (n=4, *Student t-test, P<0.05). C. Western blotting to detect an excitatory synaptic
marker VGluT1 (immunopositive-band at 52 kDa) revealed no evident changes in VGluT1
expression (arrow 1) in proteins extracted from the hippocampus of an epileptic rat suffering
one month of post-SE period (E1). Slight reduction (arrow 2) on the density of VGluT1-positive
band was observed in an epileptic rat that suffered 2 month of post-SE period (E2) when
compared to control rat (C). D. Graph representing statistical analysis of VGluT1-positive band
in control versus epileptic rats (one month + 2 month post-SE, total n=4). Notice a non
significant reduction on the density of immunopositive band for VGluT1 protein expression
in the hippocampus (Student t-test, P=0.43, t=2.9). E. BK transcript levels in total mRNA was
isolated from microdissected dentate gyrus of control and epileptic rat. F. Semi-quantitative
RT-PCR analysis revealed a down-regulation in BK channel transcripts (rSlo, 312 bp bands)
that was evident at 30x and 40x PCR cycles. GAPDH primers were used as internal controls.
Statistical analysis revealed a significant 31.1±3.5% reduction in density of band corresponding
to BK channel cDNA at 30 cycles in epileptic rats (*Student t-test, P<0.01).
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